1050

IEICE TRANS. ELECTRON., VOL.E91-C, NO.7 JULY 2008

| INVITED PAPER Special Section on Heterostructure Microelectronics with TWHM 2007

Sb-Based n- and p-Channel Heterostructure FETs for High-Speed,

Low-Power Applications

J. Brad BOOS ™, Brian R. BENNETT, Nicolas A. PAPANICOLAOU', Mario G. ANCONAT,
James G. CHAMPLAIN', Yeong-Chang CHOU'", Michael D. LANGE', Jeffrey M. YANG ', Robert BASS',

SUMMARY  Heterostructure field-effect transistors (HFETs) composed
of antimonide-based compound semiconductor (ABCS) materials have in-
trinsic performance advantages due to the attractive electron and hole
transport properties, narrow bandgaps, low ohmic contact resistances, and
unique band-lineup design flexibility within this material system. These
advantages can be particularly exploited in applications where high-speed
operation and low-power consumption are essential. In this paper, we re-
port on recent advances in the design, material growth, device character-
istics, oxidation stability, and MMIC performance of Sb-based HEMTs
with an InAlSb upper barrier layer. The high electron mobility transis-
tors (HEMTS) exhibit a transconductance of 1.3 S/mm at Vpg = 0.2V and
an fr L, product of 33 GHz-um for a 0.2 um gate length. The design, fabri-
cation and improved performance of InAISb/InGaSb p-channel HFETS are
also presented. The HFETSs exhibit a mobility of 1500 cmz/V-sec, an fmax
of 34 GHz for a 0.2 um gate length, a threshold voltage of 90 mV, and a
subthreshold slope of 106 mV/dec at Vpg = —1.0'V.
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1. Introduction

There is an expanding need to reduce power consump-
tion in high-speed analog, digital, and mixed-signal cir-
cuits for military and commercial applications. Sb-based
heterostructure devices have intrinsic high-speed and low-
power consumption advantages that can provide the en-
abling technology needed for these applications, which in-
clude space-based communications, imaging, sensing, iden-
tification, high-data-rate transmission, micro-air-vehicles,
wireless and other portable systems.

The low dc power consumption of AISb/InAs HEMTs
is attractive for large-scale active-array space-based radar
applications which are particularly power-constrained. An
fr value of 110 GHz has been measured at Vps = 100 mV
and circuit demonstrations at L-, S-, X-, Ka-, and W-band
have exhibited record low power dissipation [1]-[4]. Dis-
placement damage radiation measurements show that they
are also the most radiation tolerant HEMTs tested to date
[S].

Recently, there has been considerable interest in the
potential of III-V FET materials for advanced logic ap-
plications [6],[7]. A II-V high-speed, low-power com-
plementary logic technology could enhance digital circuit
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functionality and sustain Moore’s law for additional gen-
erations. When utilized in mixed signal circuits, a signifi-
cant reduction in power consumption could also be obtained.
For these applications, complementary circuits in the Sb-
based material system would be highly desirable due to their
low-power, high-speed advantages. To this end, p-channel
HFETs having high hole mobility would be required.

In order to enhance the performance and reliability
of Sb-based HEMTs and p-channel HFETs, the use of In-
AlSb as the upper barrier layer material has been investi-
gated. When combined with an AlGaSb buffer layer, this
design eliminates the use of the highly reactive AISb mate-
rial within the structure and simplifies the growth of an n*
or p* cap layer above the InAlSb layer to enable lower ac-
cess resistance [8]. In Sects.2 and 3, we report on recent
advancements at our laboratories on Sb-based HEMT ma-
terial growth, fabrication, device characteristics, and MMIC
performance utilizing this approach. In Sect. 4, recent devel-
opments on p-channel InAlSb/InGaSb HFETs at the Naval
Research Laboratory are presented.

2. InAlSb/InAs HEMTs

The HEMT material was grown by solid-source molecu-
lar beam epitaxy (MBE) on a semi-insulating (100) GaAs
substrate. Details of the growth procedures have been pub-
lished elsewhere [9],[10]. A cross section of the material
layer design is shown in Fig.1. A 1.5um thick undoped
Aly7Gag3Sb buffer layer is used to accommodate the 7%
lattice mismatch. The upper barrier is 130 A of Ing,AlpgSh.
A GaTe source is used for Te delta-doping 65A above
the channel. The electron sheet carrier density and mobil-
ity of the starting material at 300 K were measured to be
0.9 x 10'? cm=2 and 19,000 cm?/V-s, respectively.

X-ray diffraction measurements demonstrate that the
channel and upper barrier layers are nearly coherent with
respect to the relaxed AlGaSb buffer layer, with the InAs
in tension (1.1% mismatch) and the InAISb in compression
(1.3% mismatch). The electron density in the channel was
controlled by varying the Te dose, with room-temperature
mobilities between 18,000 and 25,000 cm?/V-s for densities
between 0.9 x 10'2 and 2.4 x 10'%/cm?.

The HEMTs were fabricated using evaporated Pd/Pt/
Au source and drain ohmic contacts which were defined
using PMMA resist and deep-UV lithography. The con-
tacts were heat treated using a hot-plate. The gate was then
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InAs 20 A
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Ing2AlpsSb 130 A (Te delta doped)

InAs 120 A

Aly7Gag3Sb 1.5 pm

S| GaAs substrate

Fig.1 InAlSb/InAs HEMT layer design.
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Fig.2 InAlSb/InAs HEMT drain characteristics. Lg = 0.2um, Lpg =
0.6 um, W= 28 um, Vgs = —0.1 V/step.

formed using PMMA e-beam lithography and lift-off tech-
niques. Prior to deposition, the sample was given an O,
plasma etch, followed by a 15s etch in a citric-acid-based
solution to remove the InAs cap layer. Finally, device isola-
tion was achieved by wet chemical etching. With this etch, a
gate air bridge was formed which extends from the channel
to the gate bonding pad.

The drain characteristics obtained for a HEMT with a
0.2 um gate length are shown in Fig.2. The on-resistance
at Vpg= 50mV is 0.34 Q-mm for the 0.6 um source-drain
spacing. The maximum transconductance at Vpg= 0.2V
and 0.3V is 1.3S/mm and 1.7mS/mm, respectively, as
shown in Fig.3. The values are comparable to the high-
est reported in any FET technology at these drain voltages.
From the TLM measurements shown in Fig. 4, the ohmic
contact resistance is estimated to be 0.03 Q-mm. The S-
parameters of the HEMTs were measured on-wafer from 1
to 40 GHz. Based on the usual 6 dB/octave extrapolation,
an fr of 135 GHz and an f,,.x of 110 GHz were obtained at
Vps = 0.35V and Vg = —0.25 V. After removal of the gate
bonding pad capacitance from an equivalent circuit, an in-
trinsic f7 of 165 GHz was obtained. This value corresponds
to an frL, product of 33 GHz-um.

AISb is well known to oxidize rapidly when exposed
to air. The oxidation stability of the InAlSb/InAs HEMTs
was investigated to determine the reactivity of the InAlSb
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Fig.3 HEMT transconductance vs. gate voltage.
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Fig.5  Gate current stability measurements vs. time.

barrier layer. In this study, the gate current at Vpg = 50 mV
and Vs = 0V on unpassivated HEMTs was monitored as
a function of time in air. As shown in Fig. 5, the variation
in the gate current after 80 weeks was only 1nA, indicat-
ing the marked improvement in stability when In is added
to the AISb barrier material. Similar measurements of the
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Fig.6  Photograph of an InAlSb-InAs HEMT LNA.

drain current and gate current near pinch-off also revealed
no significant change after 80 weeks.

The first InAlSb/InAs HEMT MMICs have also been
recently demonstrated [11]. A photograph of the MMIC is
shown in Fig.6. The 0.1 um gate-length HEMTs in these
MMICs exhibit an f7 of approximately 220 GHz when bi-
ased at Vpg= 0.3V and Vgg= —0.3 V. This value is com-
parable to those obtained previously for HEMTs with an
InAlAs/AlSb barrier. With only 2mW power dissipation,
the X-band MMICs exhibited an associated gain and noise-
figure at 12 GHz of approximately 12 dB and 3 dB, respec-
tively, and an rf yield greater than 80%.

3. InAlSb/InAs HEMTs with an n* Cap Layer

The use of n* cap layer structures to enable non-alloyed,
low resistance ohmic contacts and a reduction in the source-
drain access resistance has been effectively utilized in InP-
based HEMTs [12]. The use of an n* cap layer has also been
demonstrated in Sb-based HEMTs with an InAlAs/AISb
upper barrier layer [13]. For Sb-based HEMTs, the In-
AlAs layer typically employed in the top barrier is in ten-
sile strain with a 5.5% mismatch with the buffer layer [14].
Replacement of this layer with an InAISb layer which is
compressively-strained with a mismatch of only 1.3% would
facilitate advanced cap layer designs in Sb-based HEMTs.
The benefits of such a replacement are improved quality
and reproducibility of the cap and barrier layer material, im-
proved cap layer design flexibility, and a more controllable
gate recess etch process, particularly when etching through
a thin highly-doped barrier layer is required. In this section,
we report on the material growth and device characteristics
of the InAlISb/InAs HEMTs with an n* cap layer.

A cross section of the material layer design is shown
in Fig.7. A Te delta-doped layer was inserted within the
90 A InAlISb barrier layer, and was located 65 A above the
channel. The nominal carrier density of the 200 A thick
n* InAs(Te) cap layer is 1 x 10" cm™. A wafer map of
sheet resistance is shown in Fig. 8. The uniformity is good,
with an average value of 79.3 Q/0O and a standard deviation
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n* InAs 200 A (Te)

Ing2AlsSbh 90 A (Te delta doped)

InAs 120 A

A|0_7Gao_3sb 1.5 pum

S| GaAs substrate

Fig.7 InAlSb/InAs HEMT material with n* cap layer.

Fig.8 Sheet resistance (Q/0) uniformity of HEMT starting material
with n* cap layer; wafer diameter is 76 mm.
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Fig.9 Drain characteristics of InAlSb/InAs HEMT with n* cap layer.
L =028 um, Lps = 1.7 um, Wi = 28 um, Vs = —0.1 V/step.

of 0.96 /0. Hall measurements performed on the start-
ing material indicated a sheet resistance of 89 Q/0. Hall
measurements were also performed on the starting material
after removal of the n* cap layer using a selective chemi-
cal etch. The sheet carrier density and mobility at 300 K
were 2.0 x 10'? cm~2 and 23,200 cm?/V-s, respectively. The
rms surface roughness after removal of the n* cap layer was
1.9nm for a 5 x 5 um? area. Atomic force microscopy mea-
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surements were also performed on the heterostructure sur-
face after a gate recess etch in the resist opening (bi-level
PMMA/PMMA-MAA) prior to gate metal definition. In this
case, the rms surface roughness after removal of the n* cap
layer was 1.6 nm.

The HEMTs were fabricated as previously described
except that a recess etch time of 120 seconds was employed
to ensure etching through the thicker cap layer. The drain
characteristics obtained for a HEMT with a 0.28 yum gate
length are shown in Fig.9. The on-resistance at 50mV is
0.35 Q-mm for the 1.7 um source-drain spacing. The maxi-
mum transconductance at Vps = 0.2V and 0.3V is 1.3 and
1.75 S/mm, respectively, as shown in Fig. 10. These values
are comparable to those obtained in the previous section.
From on-resistance measurements as a function of source-
drain spacing of HEMTs fabricated on the same wafer, the
ohmic contact resistance is estimated to be 0.03 Q-mm as
shown in Fig. 11 [13]. The sheet resistance obtained from
this measurement is 126 /0. To illustrate the effect of the
n* cap layer, the values obtained for HEMTs with a 20 A
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Fig.10  Transconductance vs. gate voltage of InAlISb/InAs HEMT with
n* layer.
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Fig.11 HEMT on-resistance comparison on material with and without
n* cap layers.
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undoped cap layer and a 50 A n* cap layer are also included
in Fig. 11. For a 2 um source-drain spacing, the HEMT on-
resistance is reduced by more than a factor of 3. Further re-
duction in the source-drain resistance can be expected with
the implementation of advanced n* cap layer designs.

The S-parameters of the HEMTs were measured on-
wafer from 1 to 40 GHz. Based on the usual 6 dB/octave
extrapolation, an fr of 80 GHz and an f,.x of 90 GHz were
obtained at Vpg = 0.3V and Vgg = —0.4 V. After removal
of the gate bonding pad capacitance from the equivalent cir-
cuit, an intrinsic fy of 90 GHz was obtained, corresponding
to an fr-L, product of 25 GHz-uym. HEMTs fabricated from
this material with a 0.2 um gate length exhibited an intrinsic
fr of 130GHz and an fi.x of 120 GHz. Higher fr-L, prod-
ucts can be expected with a shorter source-drain spacing.
The fnax values obtained on the HEMTs with and without
the n* cap layer should improve with the implementation of
a low-gate-metal-resistance T-gate structure.

4. InAlSb/InGaSb p-Channel HFETSs

For p-channel HFETs in complementary circuits, the
In,Ga,;_,Sb alloy system is attractive since the binary end-
points have the highest bulk hole mobilities of any III-V
compound and a significant valence band barrier to enable
quantum confinement [15]-[17]. This potential can be en-
hanced by using compressive strain to produce advanta-
geous band splitting. As work in this direction, in this sec-
tion we report on the fabrication and improved performance
of Sb-based p-channel HFETSs with an InAlISb/AlGaSb bar-
rier, a strained, high-mobility, Ing4;Gags50Sb quantum well
channel, and no highly-reactive AlSb material within the
structure.

The Sb-based HFET material was grown by MBE on
a semi-insulating (100) GaAs substrate. A 1.5 ym undoped
Al 3Gag,Sb buffer layer was used to accommodate the 7%
lattice mismatch. A cross section of the material layer
design is shown in Fig. 12. Details of the growth proce-
dures have been reported elsewhere [18]. The Ing 41 Gag 59Sb

l [

InAs 20 A
Ing ,Al, ;Sb 40 A

Al, ;Ga,,Sb 100 A
Ing44GagsSb 75 A

Al,sGa,,Sb 210 A

Al, ;Ga, ,Sb 50 A (optional Be doping)

Al,sGay,Sb 1.5 um

S| GaAs substrate

Fig.12  InAlSb/InGaSb p-channel HFET layer design.
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channel layer is in a state of biaxial compressive strain
since it was grown epitaxially on the relaxed AlGaSb buffer
layer. The strain is about 2% for this particular composi-
tion. Modulation doping below the channel has previously
been achieved using a 5 nm Be-doped AlGaSb layer. This
optional doping scheme can enhance the capability for fu-
ture scaling to ultra-thin gate-channel separations. A band
diagram of the structure is shown in Fig. 13.

The band diagram and energy levels were obtained us-
ing an 8 x 8k - p method as implemented in the ‘nextnano®’
program that includes the effects of non-parabolicity, con-
finement, and strain. The benefits of confinement and
strain are in increasing the energy spacing between the
heavy and light hole bands, as shown in Fig.14, and
thereby reducing the interband scattering rates. Also ben-
eficial is the strain/confinement-induced decrease in the
in-plane mass of the higher lying heavy-hole band. The
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AlygGagSb/Ing 41 Gagy 59Sb valence band offset is 430 meV.
The FET discussed in this paper was not intentionally
doped. The room-temperature Hall mobility and sheet car-
rier concentration of the starting material were 1,500 cm?/V-
s and 6.6 x 10" cm™2, respectively.

Since the InAlSb/InAs barrier/cap layers were identi-
cal to that used for the HEMTs in Sect. 2, the fabrication
process was the same as that previously described. The
drain characteristics obtained for an HFET with a 0.2 um
gate length are shown in Fig. 15. A threshold voltage of
90 mV was measured at Vpg = —1 V. Our simulations in-
dicate enhancement-mode should be obtainable with fur-
ther design improvements. The low-field source-drain re-
sistance at Vgg = —0.4V is 8.1 Q-mm. The cause for this
high value is currently under investigation. The depen-
dence of the transconductance on the gate voltage at Vpg
= —1.0V is shown in Fig.16. A maximum transconduc-
tance of 100 mS/mm is observed at Vs = —0.1 V. The gate-
source diode I-V characteristic exhibits good rectification
and a gate current of 1.5 A/cm? at a gate-source bias of 1 V.
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The subthreshold slopes at Vpg = —0.05V and —1.0 V were
85mV/dec and 106 mV/dec, respectively. The minimum
drain currents observed at Vgg = 0.6 V for Vps = —0.05V
and —1V were 0.0009 uA/um and 0.04 uA/um, respectively.
The S-parameters of the HFETs were measured on-wafer
from 1 to 40 GHz. Based on the usual 6 dB/octave slope, a
maximum fr of 19 GHz and f,,x of 34 GHz were obtained.
These values are the highest reported for III-V p-channel
HFETs. Further improvements in high-speed, low-voltage
performance should be possible with future design and pro-
cess modifications, including a decrease in gate length, a
reduction of the contact and access resistances, and imple-
mentation of a T-gate structure.

5. Conclusion

The material growth, fabrication, and characterization of
Sb-based HEMTs and p-channel HFET's with an InAISb up-
per barrier layer have been presented. The Sb-based HEMTs
with a 0.2 um gate length exhibit an on-resistance of 0.34 Q-
mm for the 0.6 um source-drain spacing and a transconduc-
tance of 1.3 S/mm at only Vpg = 0.2V. An intrinsic fr of
165 GHz is obtained after removal of the gate bonding pad
capacitance from an equivalent circuit, corresponding to an
SfrL, product of 33 GHz-um. The first HEMT MMICs have
been demonstrated with excellent performance and high
yield. Oxidation stability measurements on un-passivated
devices performed over the course of 80 weeks indicate that
the InAISb barrier is very stable in air. InAlSb/InAs HEMTs
with an n* cap layer have also been demonstrated. As a re-
sult, a low on-resistance of 0.35 Q-mm has been observed
for a 1.7 ym source-drain spacing. The 0.28 um gate length
devices exhibited a maximum transconductance at Vpg =
0.2V of 1.3 S/mm and an intrinsic f7 L, product of 26 GHz-
pm. Finally, InAlSb/InGaSb p-channel HFETs with a room
temperature mobility of 1500 cm?/V-sec have been demon-
strated. At Vpg = —1.0V, a maximum transconductance of
100 mS/mm is observed. The 0.2 um gate length devices ex-
hibit a maximum f7 and fi,.x of 19 GHz and 34 GHz, respec-
tively. Continued improvements in the material growth, de-
sign, and fabrication of these devices will make them attrac-
tive candidates in future analog, digital, and mixed-signal
applications where high speed and low power consumption
will be required.
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